The interface structure of ultrathin CoSi 2 films grown on Si͑111͒ was investigated by quantitative low-energy electron diffraction. Codeposition of the elements leads to a film composed of domains with two and three Si-Co-Si trilayers in CaF 2 structure. As within the film, Co atoms at the interface are eightfold coordinated. The lateral unit cells of the film and substrate are mutually rotated by 60°͑B-type orientation͒. The interfacial trilayer is substantially distorted, its distance to the substrate expanded, and its sublayer spacings considerably modified from the bulk. Also, the substrate's top spacing is expanded. The results compare almost quantitatively with recent density-functional calculations. © 2000 American Institute of Physics. ͓S0003-6951͑00͒04306-0͔
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Silicides play an important role in microelectronics as they frequently can be prepared both as metallic and semiconducting phases. Also, they can be epitaxially grown on silicon substrates, which corresponds to the needs of thinfilm technology. In particular, CoSi 2 with a lattice parameter ͑5.365 Å͒ very close to that of Si ͑5.431 Å͒ allows the growth of films with almost perfect interfaces, 1 a feature essential for the electronic properties of devices. Despite the importance of the interface and though the film structure itself is well known to be of CaF 2 type, 2-5 the crystallography of the interface appears to be unsettled. This holds for the film's orientation relative to the substrate ͑A or B type, with the unit cells aligned or mutually rotated by 60°, respectively͒ as well as for the coordination of interfacial cobalt atoms. Both A-and B-type interfaces and five-, seven-, and eightfold coordinations have been reported by experimental work. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Early theoretical work is in favor of B-type 19 and eightfold coordination. 19, 20 A more recent study 21 finds that A-and B-type interfaces both with sevenor eightfold coordinations are very close in total energies with eightfold coordination only slightly preferred.
In the present letter, we determine the interface geometry by quantitative low-energy electron diffraction ͑LEED͒. We circumvent the limitations imposed by the finite electron penetration-which usually inhibits access to buried interfaces-by using samples of different film thicknesses. Whereas one film is prepared thin enough to allow electron probe of both interface and film, the analysis of a thicker film proves that the film is always of CaF 2 structure with only little variation of parameters.
We restrict attention to films terminated by a complete Si-Co-Si trilayer ͑C phase͒. Si and Co were codeposited on a clean Si͑111͒-͑7ϫ7͒ substrate held at room temperature using electron-beam-heated evaporators with the flux approximately adjusted to the desired element ratio 2:1. After deposition, evaluation of the low-energy signals of Co and Si as recorded by Auger electron spectroscopy ͑AES͒ indicated for the thin film a coverage of about 2.2 ML cobalt and 4.0 ML silicon. This is equivalent to about two trilayers, i.e., the interface is about 6 Å below the surface, and so, easily detectable by LEED electrons. The thick film is equivalent to four trilayers ͑12 Å͒ as was investigated earlier. 5 Annealing at 460°C produced well-ordered surfaces with sharp (1ϫ1) LEED patterns and the (7ϫ7) reconstruction of the substrate lifted.
Using a computer-controlled video-LEED system, 22 diffraction intensities as a function of electron energy were measured for a total of seven spots at normal incidence of the primary beam from 30 to 450 eV ͑total energy range: 2010 eV͒. Intensities for certain model structures were calculated applying full dynamical scattering theory 23,24 as described earlier. 5 Tensor-LEED ͑Refs. 25-27͒ was applied for variation of the model parameters. For the structural search, an automated algorithm was used 28 guided by the Pendry R factor 29 R P for comparison of the spectra. Concerning the thick film, we find that the surface is terminated by a full Si-Co-Si trilayer. Its top sublayer spacing is contracted from 0.77 Å to 0.64Ϯ0.02 Å in almost quantitative agreement with density-functional theory ͑DFT͒. 21 Trilayer and sublayer spacings deeper in the surface are bulk-like within the limits of error (у0.03 Å), though there is a tendency for overall slight contractions which account for the small lattice misfit, so the volume of the undistorted lattice is almost quantitatively preserved. 5 A first check on the structure of the thin film comes from the comparison of its LEED spectra to those of the thick film as displayed on the left in Fig. 1 low, 30 the data are very similar, i.e., the structures of the two films including their surface terminations are much the same. For higher energies, however, there are considerable differences, certainly because in this energy range deeper surface regions are also probed, so that in the case of the thin film the interface structure we are looking for enters the scattering description.
We can assume that the thin film, even though it is only two or three trilayers thick, must have the same CaF 2 structure as the thick film. For the interface, however, different models have to be tested. There are two possible epitaxial film orientations ͑A or B type͒ and different coordinations have to be considered for interfacial atoms. Therefore, Si or Co atoms of the silicide may bond directly to substrate atoms with Co sevenfold or eightfold coordinated, respectively. In the latter case, Si atoms facing the substrate are only threefold coordinated; only fivefold coordinated Co atoms are found when the lower Si sublayer of the silicide trilayer is missing, so that interfacial Si atoms are fourfold coordinated. In total, six different interface models were tested. They are displayed in Fig. 2 whereby the trilayer arrangement is projected in the ͓11 0͔ direction. The long lines represent bonds within the projection plane, the short lines those standing out of it and applying to two Si atoms ͑one of which is hidden͒, thus representing two chemical bonds. The notation of, e.g., 3A8 means that there are three silicide trilayers with A-type orientation and eightfold coordination of interfacial Co.
In view of AES favoring an average of 2.2 Co layers, models with two and three silicide trilayers were tried, whereby all layer spacings in the film and interface as well as the first two substrate spacings were varied, amounting, for example, to a total of 11 free parameters for a three-trilayer model. Yet, none of the above models produced a satisfying fit to the experimental data ͑best R factor: R P ϭ0.31͒. Actually, this was not surprising, as only morphologically homogeneous films had been assumed, whereas the AES data suggest that the number of trilayers should be between two and three, thus indicating the presence of domains with different film thicknesses. Therefore, we allowed for a nonhomogeneous surface morphology, i.e., a surface consisting of domains exhibiting film thicknesses of both two and three trilayers above the interface ͑test calculations allowed us to discard the presence of uncovered and one-trilayer domains͒. Again, all the above interface models and, in addition, domain combinations of them, were tested with all 19 layer spacings varied. The clearly best fit with an excellent agreement between theory and experiment ͑R P ϭ0.12; for visual comparison see the right panel in Fig. 1 for a selected beam͒ results for a combination of 2B8 and 3B8 domains as displayed in Fig. 3 . The relative domain weights are 45% and 55%, respectively ͑error estimate Ϯ10%͒, so that the total amount of cobalt is equivalent to 2.55 ML. This is rather close to the value derived from AES and can be taken as a good agreement in view of the error margins involved in coverage determinations by both AES and LEED.
The geometrical parameters obtained for the two domains are summarized in Table I using the notation given in Fig. 3 . Consistent with the excellent quality of our fit, our results compare very well with those from DFT ͑Ref. 21͒ given in the last column of Table I . ͑In these calculations the interface was modeled by slabs with six silicide trilayers on top of 14-16 silicon layers, whereby A7, A8, B7, and B8 configurations were tested. For computational details see Ref. 31 .͒ As expected, we find that the film structure itself is not very different from that of the thick film even for the very thin two-trilayer domain ͑errors are estimated to be Ϯ0.03 Å for spacings near the surface, but increase for deeper lying distances͒. At the very surface, the first spacing within the top trilayer ͑d 89 in domain 2B8 and d 11, 12 in domain 3B8͒ is considerably contracted. This can be interpreted as due to the dangling silicon bond produced by the presence of the surface. Spacings below the top trilayer exhibit near-bulk-like values as no bonds are affected directly. Yet, this is only until the trilayer adjacent to the interface is reached ͑for the 2B8 domain this is, of course, already the next trilayer͒. This trilayer is heavily distorted. The sublayer spacing d 45 with silicon atoms adjacent to the interface is considerably reduced, whereas the upper bilayer spacing d 56 is expanded. Also, the distance d 34 of the trilayer to the uppermost substrate bilayer, i.e., the interface spacing, is considerably expanded and this applies also to the first substrate spacing d 23 . Overall, there is a rather complicated bonding description applying to the silicide trilayer and substrate bilayer at the interface. It has been argued that this is due to interfacial Si atoms ͑both from the film and the substrate͒ being overcoordinated, leading to a competition between stabilizing additional bonding and destabilizing repulsive effects. 21 Concerning the B8 coordination, our results agree with those of earlier work using medium-energy ion scattering. 17 The agreement is almost quantitative with respect to the expansion of the Co-Si bond length (d 34 ϩd 45 ) at the interface, yet the expansion for the sublayer spacing d 23 in the first substrate bilayer determined by LEED is about 50% larger. Also, our analysis is more detailed. So we find that the whole silicide trilayer at the interface is distorted, a feature not considered in the ion scattering analysis.
In conclusion, we have shown that codeposition of Si and Co on Si͑111͒ at room temperature and subsequent annealing produces CoSi 2 films with a sharp interface of B type and interfacial Co atoms eightfold coordinated. The sublayer spacings in the silicide trilayer and the substrate bilayer forming the interface are considerably distorted compared to their bulk values. Away from the interface the structural parameters become bulk-like, except at the very film surface where the top spacing is contracted.
